Microgel suspensions of Interpenetrated Polymer Network (IPN) of PNIPAM and PAAc in D 2 O, have been investigated through dynamic light scattering as a function of temperature, pH and concentration across the Volume Phase Transition (VPT). The dynamics of the system is slowed down under H/D isotopic substitution due to the different balance between polymer/polymer and polymer/solvent interactions suggesting the crucial role played by H-bondings. The swelling behavior, reduced with respect to PNIPAM and water, has been described by the Flory-Rehner theory, tested for PNIPAM microgel and successfully expanded to higher order for IPN microgels. Moreover the concentration dependence of the relaxation time at neutral pH has highlighted two different routes to approach the glass transition: Arrhenius and super-Arrhenius (Vogel Fulcher Tammann) respectively below and above the VPT and a fragility plot has been derived. Fragility can be tuned by changing temperature: across the VPT particles undergo a transition from soft-strong to stiff-fragile.
Introduction
Research on colloidal systems has attracted great interest in the last years, due to the variety of their technological applications and to the richness of their phase behavior. Indeed they are very good model systems for understanding the general problem of dynamic arrest, since their larger tunability with respect to atomic and molecular systems [1] [2] [3] [4] leads to complex phase diagrams, including different arrested states (such as gels [5] [6] [7] and glasses [8, 9] ) and unusual glass-glass transitions [10] [11] [12] .
In particular among colloidal systems, soft colloids represent an interesting class of glass-formers, since, at variance with hardsphere-like colloids, they are characterized by an interparticle potential with a finite repulsion at or beyond contact. As a result of the particle softness a complex phase behavior has been theoretically predicted [13, 14] and not yet experimentally reproduced. Moreover, it has been recently shown [15] that soft colloids exhibit the same wide variation of the structural relaxation time observed for supercooled molecular liquids approaching the glassy state. This variation is characterized by the unifying concept of fragility, which gives a "universal" description of dynamic arrest in glass-forming liquids [16] [17] [18] . The relaxation time of "fragile" liquids increases very rapidly with decreasing temperature, while "strong" liquids show a much slower temperature dependence. For colloidal suspensions fragility must be defined replacing the inverse of temperature with concentration [15, 18, 19] . Hard-sphere colloidal suspensions are fragile and the absence of a wider range of fragility limits their versatility as a model system of the glass transition. Interestingly, for deformable soft colloidal particles, fragility is affected by their elastic properties, giving rise to strong behavior [16, 20] and allowing to obtain the equivalent effect of molecular systems [17] . Nevertheless, many efforts have been devoted to understanding the influence of the softness of the interparticle potential on the fragility of glass formers [18, [21] [22] [23] , with controversial results between computer simulations [22, 23] and experimental observations [15, 24] .
In this framework responsive microgels (aqueous suspensions of nanometre-or micrometresized hydrogel particles) allow to change their effective volume fraction and their elastic properties by tuning their response to an external stimulus. In particular they may exhibit high sensitivity to changes of pH, temperature, electric field, ionic strength, solvent or to external stresses or light pulses. These easily accessible external parameters allow to modulate the interparticle potential and their reversible Volume Phase Transition (VPT) (swelling/shrinking behavior), giving rise to novel phase-behaviors, drastically different from those of conventional hard-spheres-like colloidal systems [25] [26] [27] [28] [29] .
One of the most studied responsive microgel is based on a thermo-sensitive polymer, the poly(N-isopropylacrylamide), also known as PNIPAM. Indeed PNIPAM-based microgels have been widely investigated in the last years [30] [31] [32] [33] [34] [35] and it is well known that their thermo-responsiveness is strongly related to the coil-to-globule transition with temperature of NIPAM polymer. At room temperature indeed, the polymer is hydrophilic and strongly hydrated in solution, while it becomes hydrophobic above 305 K corresponding to its Lower Critical Solution Temperature. This gives rise to a Volume Phase Transition (VPT) from a swollen to a shrunken state of any microgel based on NIPAM polymer [36] . Moreover it has been shown that this typical swelling/shrinking transition is the driving mechanism of the phase behavior of aqueous suspensions of PNIPAM microgels [15, 26, 28, 37] . This typical swelling behavior can be strongly affected by concentration [25, 38] , solvents [39] and synthesis procedure (such as growing number of cross-linking points [40, 41] , different reaction pH conditions [42] or by introducing additives into the PNIPAM network [43] ).
In this context PNIPAM microgels containing another specie as co-monomer or interpenetrated polymer are even more interesting, as a more complex scenario can show up. In particular, addition of poly-acrilic acid (PAAc) to PNIPAM microgel provides pH-sensitivity to the thermo-responsive microgel. The VPT of these microgels strongly depends on the effective charge density, controlled by the content of AAc monomer [44, 45] , on the pH of the suspension [46] [47] [48] [49] [50] [51] and on salt concentration [46, 52] .
This means that the synthesis procedure plays a crucial role, being the response of PNI-PAM/PAAc microgels strictly related to the mutual interference between the two monomers [52] [53] [54] [55] [56] . While microgels made of random co-polymers (co-polymerised) have been widely investigated both experimentally and theoretically [46, 49, 53, 57, 58] , a deep investigation of Interpenetrated Polymer Network (IPN) microgels is still lacking. Interpenetration of hydrophilic PAAc into the PNIPAM microgels network (IPN PNIPAM-PAAc) [44, 48, [59] [60] [61] [62] provides independent sensitivity to temperature and pH, preserving the same VPT of pure PNIPAM microgel. Moreover the different solubility of PAAc at acidic and neutral pH introduces an additional control parameter that allows to tune the mutual interference between PNIPAM and PAAc networks. At acidic pH the carboxylic (COOH-) groups of PAAc chains are protonated and H-bonds formation with neighbouring COOH-groups or with the amidic (CONH-) groups of PNIPAM in the same particle is favored, with respect to H-bonding with water molecules [63] . At neutral pH, the balance between PNIPAM/PAAc and water/PAAc H-bonds is reversed. Both compounds are therefore well solvated and water mediates their interaction, making the two networks completely independent one to each other.
The swelling behavior of aqueous suspensions of PNIPAM-PAAc IPN microgels as a function of temperature, pH and concentration has been extensively investigated by our group and the obtained results have been published elsewhere [50, 51, 64] .
In order to understand the role played by hydrophobicity and hydrogen bonding in the polymer-solvent interactions and in the dynamics of the polymer solutions, investigations of the isotopic effect give relevant information. Indeed it has been recently shown that a slowing down of the swelling kinetics and a shift forward of the Volume Phase Transition Temperature (VPTT) of PNIPAM microgels occur in D 2 O suspensions with respect to H 2 O ones [65] , mainly due to the higher viscosity of the deuterated solvent. Similar results have been found also in other colloidal suspensions [66] [67] [68] .
In this work we present a DLS systematic investigation of the dynamics across the VPT of IPN microgels suspensions in D 2 O compared to H 2 O as a function of temperature, pH and concentration. Experimental data have been described through theoretical models from the Flory-Rehner theory and discussed within the universal framework of fragility.
Experimental Methods

Sample preparation
Once synthesized by a sequential free radical polymerization method, lyophilized IPN microgels were dispersed in H 2 O or D 2 O by magnetic stirring for 1 day. The samples were then lyophilized and redispersed in H 2 O or D 2 O using the same molar ratio; the weight concentration, C w , reported in the text always refers to the case of H 2 O. Samples at different concentrations were obtained by dilution at two pH: pH 5, where H-bondings between PNIPAM and PAAc are favored, and pH 7, corresponding to the dissociation of the ionic groups and the reduction of the PNIPAM-PAAc H-bonds interactions. Samples at pH 7 were obtained by addition of NaOH or NaOD to samples at pH 5. A detailed description of IPN microgel particles synthesis is reported in Ref. [50, 51] . Fig.1 shows the typical behavior of the normalized intensity autocorrelation functions for an IPN sample at weight concentrations C w =0.32 % (Fig.1(a) ) and C w =0.10 % (Fig.1(b) ) pH. Reproducibility has been tested by repeating measurements several times.
DLS set-up and data analysis
As commonly known, the intensity correlation function of most colloidal systems is well described by the Kohlrausch-Williams-Watts expression [69, 70] :
(1) where b is the coherence factor, τ is an "effective" relaxation time and β describes the deviation from the simple exponential decay (β = 1) usually found in monodisperse systems and gives a measure of the distribution of relaxation times. Many glassy materials show a stretching of the correlation functions (here referred to as "stretched behavior") characterized by an exponent β < 1.
Results
Isotopic effect on the dynamics
In Fig.2 [50] . At acidic pH ( Fig. 2(a) ) the relaxation time slightly decreases as temperature increases, until the transition, evidenced by a change of the slope, is approached around T=305 K for H 2 O and T=307 K for D 2 O. Above this temperature the relaxation time decreases to its lowest value, corresponding to the shrunken state. Moreover the stretching parameter β (inset of Fig. 2(a) ) is almost constant with temperature and concentration and indicates slightly stretched correlation functions (β ≈ 0.9).
This behavior is strongly affected by the pH of the solution, as shown in Fig Fig.2(b) ), corresponding to a clear change of the shape of the intensity autocorrelation functions, well evidenced in Fig.1(a) . Interestingly this peculiar behavior both for τ and β can be interpreted as the first evidence of an aggregation phenomenon and as a precursor of the transition from an ergodic to a non-ergodic state expected at even higher concentrations.
Although the main features of the typical swelling behavior in H 2 O suspensions [50] are preserved under isotopic substitution, interesting differences between D 2 O and H 2 O samples are observed. As evidenced in Fig.2 , the relaxation times are always higher in of the static structure factor at Q ∼ 0.08 nm −1 , as obtained from SAXS measurements in the Q-range 0.015 ÷ 0.5 nm −1 at T=(293÷313) K and with an incident X-ray energy fixed at 12.4 keV. In Fig.3 , the Q-dependence of the relaxation time at C w =0.20 % at pH 5 and pH 7, are reported as an example. It can be described by a typical power law decay:
where A is a constant and the exponent n defines the nature of the motion. The fits according to Eq.(2) are superimposed to the data as full or dashed lines in Fig.3 
Swelling behavior and theoretical model
The temperature dependence of the normalized hydrodynamic radii of IPN microgels in both H 2 O and D 2 O suspensions are shown in Fig. 4(a) at acidic pH and in Fig. 4 The swelling behavior of microgels has been widely described via the Flory-Rehner theory [74] which gives the equation of state at the equilibrium condition
φ is the polymer volume fraction within the particle and φ 0 is the polymer volume fraction in the reference state, typically taken as the shrunken one. For isotropic swelling, φ can be related to the particle size R as
where R 0 is the particle diameter at the reference state and R is the particle diameter at a given state. N is the average number of segments between two neighboring cross-linking points in the gel network and χ is the Flory polymer-solvent energy parameter that can be written as a power series expansion
where χ 1 is the Flory parameter and χ 2 , χ 3 , χ 4 , . . . are temperature independent coefficients that introduce additional terms in the equation of state (Eq.3). This model well describes the VPT in the case of pure PNIPAM microgels as shown in Fig. 4(a) where a second-order approximation of Eq.5 is considered. However it does not reproduce the discontinuous transition observed in other soft colloidal microgels where exchange interactions must be taken into account considering higher order interactions than contacts between molecules [64, 75, 76] . Therefore for IPN microgels a careful choice of the order approximation of χ(φ ) is required. 
Fragility in H 2 O and D 2 O suspensions of IPN microgels
It is well known that in supercooled molecular liquids the structural relaxation time and the viscosity grow many order of magnitude with decreasing temperature when the glassy state is approached [16] . The rapidity with which these quantities increase can be quantified by the fragility index m defined as
where τ is the relaxation time and T g is the glass transition temperature. In "fragile" liquids the relaxation time and viscosity are highly sensitive to changes in T with a superArrhenius (Vogel Fulcher Tammann) behavior, while in "strong" liquids they have a much lower T sensitivity with an Arrhenius dependence. This unifying concept describes and classifies the behavior of glass forming systems [16, 17, 77] . The same concept has been extended to colloids where the glass transition occurs by increasing the volume fraction [15, 18] . A recent work on IPN microgel suspensions in water at different concentrations and fixed temperature has related the fragility of soft colloidal particles to their elastic properties [15] .
In this work we perform an extensive investigation at different concentrations, temperatures and solvents. The concentration dependence of the dynamics of IPN microgel suspensions is highlighted in Fig.5 , where the normalized intensity autocorrelation functions at fixed temperature (T=311 K) and pH 7 are reported. The observed behavior indicates that, as concentration increases, the decay becomes more and more stretched, as The comparison between the concentration dependence of the relaxation time at acidic and neutral pH is reported in Fig.7(a) and (b) . At pH 5 τ linearly decreases as concentration increases indicating a slight fastening of the dynamics while at pH 7 it exhibits an inverted trend with an exponential growth with different sensitivities to concentration below and above the VPT, suggesting the existence of two different routes to approach the glass transition. Moreover a faster rise at the highest temperature (T=311 K), indicates the appearance of an aggregation phenomenon. The different behavior observed in the investigated concentration range at pH 5 and pH 7 implies that the presence of PAAc, with respect to pure PNIPAM, hugely affects the dynamics of the system. The concentration decrease of the relaxation time at acidic pH is consistent with theoretical works that predict an increase with concentrations of the diffusion coefficient [78] [79] [80] on charged colloidal particles. This indicates that the electrostatic effect plays an important role in the dynamics of the studied IPN microgels. New scenarios could appear at higher concentrations.
The reversed behavior observed at neutral pH can be related to intervening short-range attractive interactions due to hydrogen bonding between deprotonated carboxylic groups Indeed we found that below the VPT the data are well fitted with an Arrhenius behavior, typically observed in strong molecular glass-formers, where C w plays the role of 1/T . Therefore at these temperatures data are well described by the relation
where A is a constant and τ 0 is the characteristic relaxation time for low values of C w .
On the other hand above the VPT, data are strongly dependent on concentration, cannot be described through a simple Arrhenius model and a super-Arrhenius behavior as the Vogel-Fulcher-Tammann (VFT) has to be considered:
where C 0 sets the apparent divergence,Ā controls the growth of the relaxation time on approaching C 0 and τ 0 is the characteristic relaxation time at low concentrations. These functions provide a good description of the concentration dependence of τ and β as shown in Fig.6 and Fig.7 , thus confirming that the paradigm for supercooled molecular liquids near their glass transition can be extended to suspensions of soft particles, where the concentration C w plays a role analogous to the inverse of temperature 1/T in molecular systems.
Generally the concept of fragility is summarized in a renormalized Arrhenius plot, where the temperature is rescaled by the glass transition temperature, T g , and fragility
is defined by the logarithmic slope at T g [16] . This representation provides a unifying framework to describe the variation from strong to fragile behavior of molecular liquids.
According to Mattsson et al. [15] , we explore the analogy between soft colloidal suspensions and molecular glass-formers by rescaling the Arrhenius plot in a fashion similar to that used for molecular glasses. Indeed the corresponding plot for colloids can be obtained by scaling C w by the "glass concentration" C g , defined as the concentration C w (τ=100 s),
where the structural relaxation time is no longer experimentally accessible [17] . In this way we obtain a renormalized Arrhenius plot for D 2 O and H 2 O suspensions, as shown in 
As discussed before the most fragile materials are those that show the largest deviations from the Arrhenius law. In our case we observe that both in D 2 O and H 2 O for all temperatures below the VPT, in the swollen state, soft IPN microgels behave as strong materials.
On the contrary above the VPT, in the shrunken state, they become stiff and behave as fragile systems. Moreover in this case the fragility of the system can be tuned by changing therefore to more fragile behaviors. At variance with previous studies, where the fragility of the particles was varied by changing the polymeric networks, here we are able to pass from a strong (soft) to fragile (stiff) behavior on a single system by changing temperature below and above the VPT.
These findings confirm that the fragility of colloidal particles increases as softness decreases, according to the experimental results by Mattsson et al. [15] . Moreover our study is extended to different temperatures and solvents providing the possibility to modulate the inherent softness of microgel particles and therefore their fragility. This point, still controversial, calls for further experimental, numerical and theoretical investigations.
Conclusions
The swelling behavior of PNIPAM-PAAc IPN microgels has been investigated as a function Experimental data have been compared with theoretical models from the Flory-Rehner theory: while PNIPAM microgels data are well described through the second order approximation of the Flory parameter χ(φ ), for IPN microgels at neutral conditions and in D 2 O solvents we extended the model by considering a third-order contribution.
Finally, applying to colloidal systems the universal framework of fragility [15] , we find that the elastic response of IPN microgel suspensions can be modulated by changing temperature: below the VPT particles are soft and deformable, whilst above the VPT they become stiff and undeformable. This is associated to increasing values of fragility, which suggests that the swelling/shriking behavior drives the system through a transition from strong to fragile. Therefore fragility has to be strictly related to the VPT: soft particles will lead to strong behavior and stiff particles to fragile behavior.
